The evolution of continuous phenotypic traits is often modeled as a simple onedimensional random walk. Under this model, the value of a trait may increase or decrease in defined, distinct time intervals, and the magnitude of change is constant with each step (Felsenstein 1985; Gingerich 1993) . With increasing number of time steps the rate of net change in the trait decreases predictably (Gingerich 1993) . Modeling trait evolution as a random walk provides a useful null hypothesis against which to test a dataset, to determine whether a trait is evolving according to a deterministic process, such as directional selection. If the rate of change does not decrease over the sum of the time intervals, this is grounds to reject the null hypothesis that evolution of this particular trait proceeds via a random walk. However, even though the evolution of a particular trait appears to be random, this does not mean that the processes underlying the evolution of that particular trait are truly random (Gingerich 1993) . While trait evolution may appear to proceed by a random walk, there may be underlying factors that influence and even bias evolution. Given the wealth of molecular data now available, it may be time to move away from simple models like the unbiased random walk, which do not capture the processes underlying phenotypic trait evolution.
Optimal growth temperature (OGT) is an example of a continuous phenotypic trait with many complex underlying factors, and its evolution was suggested to proceed according to a random walk (Dahle et al. 2011) . To date research has focused on many of the adaptations of biological macromolecules (protein, RNA and DNA) to extreme temperatures, but understanding of how these adaptations interact to produce a phenotype and how such phenotypes evolve is limited.
In thermophilic organisms, virtually every molecule must adapt in particular ways to remain stable and functional at high temperatures. RNA is likely to undergo 3' to 5' bond hydrolysis at high temperatures (Grosjean and Oshima 2007) . Ribosomal and transfer RNAs of thermophiles have a characteristic high guanine-cytosine (GC) content, which increases the stability of secondary structures (Grosjean and Oshima 2007) . Ribosomal RNA in particular displays a correlation between the stem GC content and the optimal growth temperature of the organism in which it is found (Galtier and Lobry 1997) . DNA is prone to lose its helical structure and undergo depurination and depyrimidation at high temperatures (Grosjean and Oshima 2007) . Thermophiles have adapted to these thermodynamic challenges by using small ligand binding and covalent modification of nucleic acids, generation of compact tertiary structures, and efficient DNA repair (Grosjean and Oshima 2007) . The proteins of thermophiles are known to undergo a variety of adaptations, including certain amino acid biases that increase stability (Suhre and Claverie 2003; Zeldovich et al. 2007a) , and an increase in binding affinity for certain metabolites (Massant 2007) . In addition, certain metabolic intermediates may be unstable at high temperatures, leading thermophilic cells to compensate through increased production or sequestration of the metabolite in question (Massant 2007) . Given the complex and numerous adaptations required to optimize a cell for growth at high temperatures, it is reasonable to assume that the evolution of this trait is influenced by many underlying factors.
An interesting model clade for the study of OGT evolution is the Thermotogae phylum. The Thermotogales, currently the only recognized order within the phylum Thermotogae, are an order of anaerobic bacteria whose ribosomal genes indicate a close relation to the Aquificae (Zhaxybayeva et al. 2009 ). However, in bacterial ribosomal phylogenies rooted with an archaeal outgroup, the root is frequently based in the branch leading to the Aquificae, turning the Thermotogae into the second deepest branching lineage (Reysenbach et al. 2005) . In contrast to ribosomal proteins and RNAs, the majority of genes in the genomes of the Thermotogales appear to have been acquired by horizontal gene transfer from Clostridia (Zhaxybayeva et al. 2009 ). OGTs within the Thermotogales range from 37 to 80 degrees Celsius. Previous work, based on five representatives of the order, suggested that the ancestor to the Thermotogales grew at a higher OGT than the extant members of the clade (Zhaxybayeva et al. 2009 ). A recent study by Dahle et al. (2011) suggests OGT in the Thermotogales evolved according to an unbiased random walk. This study was based on the pairwise comparisons of quantitative phenotypes of extant organisms and produced wide confidence intervals for predicted values that did not reject the random walk hypothesis. We propose that considering sequence data will allow for better resolution of evolutionary histories and processes.
Traditional techniques of ancestral character estimation rely on a single numeric values of the trait in the extant organisms, and use different methods of averaging these traits to estimate the ancestral value. Because they rely only on single numeric values and methods of averaging, they may not provide realistic reflections on evolutionary processes. Ancestral sequence reconstruction to infer ancestral characters has recently emerged as an alternative to these traditional techniques of ancestral character estimation, and has proved particularly useful for examining historic OGTs Galtier et al. 1999; Groussin and Gouy 2011; Hobbs et al. 2012; Zhaxybayeva et al. 2009 ). Instead of simply averaging extant values, ancestral state reconstruction takes into account all of the amino acids or nucleotides in a sequence, and can simulate their evolution using complex models. When reconstructing ancestral sequences from extant sequences of different composition, non-homogeneous substitution models are superior for ancestral state reconstruction . To date, none of these studies have compared inferences about ancestral temperature obtained from sequence reconstruction to methods traditionally used to reconstruct ancestral character states in evolutionary studies, including Bayesian Markov models, Parsimony, and maximum likelihood.
While OGT evolution within the Thermotogales may conform to a pattern similar to a random walk Dahle et al. (Dahle et al. 2011 ), this does not mean that optimal growth temperature evolution is truly random or unbiased. A priori, an unbiased random walk appears unlikely, because proteins, DNA and RNA in thermophiles are so meticulously adapted to have highly stable structures that there are simply more mutations available that would disrupt these stable structures, and fewer that would continue to increase stability. Thus, we hypothesize that more mutations are available that can lower the optimal growth temperature of an organism than increase it, and this bias should be observable in the evolutionary history of a clade of thermophilic organisms.
Here we study the evolution of optimal growth temperature in the Thermotogales utilizing 30 representatives from the order ( fig. 1 ). We used a known correlate of optimal growth temperature, the GC content of the stem regions of ribosomal RNA (Galtier and Lobry 1997) ; and reconstructed the stem GC content of the 16S rRNA molecule in the Thermotogales at every node in the tree. This allowed us to trace the evolution of thermophily within the clade, and to show that this trait is not evolving according to a random walk. We compare the inference of the ancestral state for optimal growth temperature from GC content of 16S rRNA to traditional ancestral state reconstruction methods. We find that no traditional method agrees with the values obtained by ancestral sequence reconstruction, suggesting that sequence reconstruction may be able to reconstruct evolutionary patterns more accurately.
Results

Inference of OGT of Ancestral Sequences
OGT and stem GC content in the Thermotogae show a strong correlation when the phylogenetic signal is subtracted form the analysis using Felsenstein's (1985) method of phylogenetically independent contrasts (PIC) (r = 0.377, p < 0.05) ( fig. 2a ). This correlation is also detectable using traditional, non-phylogenetically independent methods, (r = 0.845, p < 0.001) ( fig. 2b ). We calculated a correlation line between the stem GC content and optimal growth temperature in the Thermotogae, , where is the optimal growth temperature and is the stem GC content. We used this line to predict the optimal growth temperature of the last common ancestor of the Thermotogae, with an estimated optimal growth temperature of 76 3.2 º C. See (tab. 1) for complete list of ancestral OGTs, and ( fig. 3 ) for graphical representation. Figure 3 : Evolution of the stem GC content in the Thermotogae lineage over time, which is represented by distance from the root. The different genera in the clade are labeled, "other" represent Kosmotoga and Mesotoga. From this graph we can see that the lineages with higher stem GC content are on shorter branches and have only increased their stem GC content slightly over time, whereas the lineages that have lower stem GC content are on much longer branches and have experienced dramatic decreases over time. Note that for this figure, the branch lengths were calculated from substitutions that did not affect the stem GC content.
Simulation of Changes to the T. maritima ribosome
To determine if it is more probable to accumulate mutations that increase or decrease GC content we simulated all possible point mutations to the T. maritima MSB8 ribosome, and Figure 3 : Histogram of the number of possible mutations that cause a decrease (a) or an increase (b) in optimal growth temperature. The histograms are shown with equal y axes and x axes of the same length to demonstrate the higher number of mutations that decrease the stem GC content.
History of the Thermotogales
Random Walk Simulation
We simulated evolution of stem GC content from the ancestral node of the tree, using a random walk simulation with 10,000 replicates, and used the simulated values to establish a 95% confidence interval of values produced by a random walk for each tip. Results are summarized in (tab. 3). None of the lineages fell above the 95% confidence interval. We found that the stem GC content in organisms Petrotoga mexicana, Petrotoga halophila, Petrotoga olearia, and Petrotoga sibirica was below the 95% confidence interval. Taken alone this could suggest directional evolution to decrease stem GC content, or a higher probability of mutations that decrease the stem GC content.
Levene's Test for Homogeneity of Variance was used to compare the variances of these two sets of possible changes, positive and negative. We found that there is a significant difference in the variances, with the variance of the negative group being greater (p = <0.001). The overlap of confidence intervals generated by the ancestral state reconstruction methods with those generated by ancestral sequence reconstruction was examined using a G--test. Columns 2 and 3 show the G--test statistic and p--value (a low p--value indicates that the tested confidence intervals are unlikely to have come from the same distribution). g The mean size of confidence interval generated by each reconstruction method (Mean CI size) was compared to that generated by ancestral sequence reconstruction (0.0246) using a T--test. h The final columns show the T--test statistic and p--value (a low p--value indicates a significant difference in confidence interval size). Figure 5 : Changes in stem GC content as a function of the length of the branch on which they occur (a), and percent change in stem GC content for a branch length of one as a function of the branch length on which each change occurs (b). Under a random walk simulation, we expect the rates of change to converge to 0 as the branch lengths increase.
Biased Random Walk Simulation
To attempt to explain the tendency of the GC content to decrease, the distribution of phenotypic effects produced by point mutations to the T. maritima MSB8 ribosome was used to simulate evolution of the Thermotogales. The results are summarized in (tab. 4). The lineages with low stem GC content do no longer fall outside the 95% confidence interval for random walk evolution, unlike in the random walk simulation that did not use the estimated substitution probabilities. However, many of the lineages with high stem GC content now fall outside the 95% confidence interval, including Thermotoga maritima MSB8, Thermotoga sp. RQ2, Thermotoga neapolitana, Thermotoga petrophila, Thermotoga neapolitana, Thermotoga petrophila, Thermotoga naphthophila, and Thermotoga thermarum.
Comparison of ancestral character reconstruction methods
The results of each ancestral reconstruction method, excluding Bayestraits, were compared to the ancestral stem GC content values obtained from sequence reconstruction. The G-test was used to test the congruence of the confidence intervals. The T-test was used to test for difference in mean size of confidence interval generated. The results are summarized in (tab. 5). No reconstruction method produced both values congruent with those estimated by ancestral sequence reconstruction (ASR) and confidence intervals of a similar size, as indicated by the Gtest and T-test results.
Confidence intervals for reconstructed stem GC content were calculated by 10,000 replicate sequence reconstructions in Bppancestor, sampling from the probability distribution for each site, rather than using the most probable nucleotide (tab. 4). The 95% confidence interval for total GC content was used, because calculation of the secondary structures for 10,000 replicates was computationally unfeasible. A comparison of confidence interval generated by each method is provided in (tab. 5).
Using the constant-variance random walk model implemented in Bayestraits, the ancestral node was reconstructed at a stem GC content of 0.727, which falls outside of the 95% confidence interval generated by the GC content of the sequence reconstruction (0.751-0.777). The 95 credibility interval for the constant-variance random walk model was 0.699 -0.755, which overlaps with the 95% confidence interval generated by the G-C content of the sequence reconstruction, although this is a large confidence interval range. The directional random walk for Bayestraits estimated an ancestral stem GC content of 0.791, which was higher than the confidence interval produced by sequence reconstruction. The 95 credibility interval for the directional random walk model was 0.752 -0.829, which overlaps with the credibility interval produced by sequence reconstruction, though the confidence interval is again large.
Of the models of ancestral reconstruction tested, only REML performs adequately. PIC, GLSB, and GLSG fail the t-test for size of confidence intervals, meaning that the confidence intervals produced by those methods are significantly larger than those produced by ASR. SCP fails the G-test for overlap of confidence intervals, meaning that SCP fails to produce estimates similar to those produced by ASR. The only method that does not fail both of these tests is REML, indicating it produces similar estimates and confidence intervals to those made by ASR.
Both the random and directional models implemented in BayesTraits produced ancestral values with confidence intervals that overlapped the confidence interval produced by ASR, though these confidence intervals were quite large. The directional model produced an estimate of ancestral stem GC content much higher than ASR did, and the random model produced a much lower estimate than ASR.
Discussion
In this paper we used ancestral sequence reconstruction to reconstruct ancestral character states, and systematically compared this method to traditional methods of ancestral character state reconstruction. The advantage of this approach is that it calculates the property at the ancestral node based on sequence reconstruction, a procedure that relies on well-established models of sequence evolution, and does not rely on averaging of extant values of character states. In addition, this method does not reduce the value of the trait to a single numeric estimate, and instead considers the nucleotide sequence underlying that estimation. The accuracy of the method based on sequence reconstruction has been demonstrated in previous studies, which were able to successfully reconstruct sequences from deep nodes in the tree of life, and use those sequences to make evolutionary inferences Groussin and Gouy 2011) . In addition, our method does not rely on pairwise distance between the extant species to test for random walk evolution, as pairwise distances are not independent data points (Felsenstein 1985) . Indeed, when our method of ancestral character estimation based on sequence reconstruction is compared to conventional methods, the conventional methods perform poorly, either failing to reconstruct values within the confidence intervals of our sequence based method, or producing very large confidence intervals on their reconstructed points, rendering the estimates practically useless.
Our analyses indicate that the ancestor to the Thermotogae grew at a relatively high optimal growth temperature, 76 3º C. The majority of lineages in this clade have undergone a decrease in optimal growth temperature over time (for example, Mesotoga prima has undergone a decrease of 39º C), while a few have maintained or increased their optimal growth temperature, but only by a small amount (e.g., the lineage leading to Thermotoga maritima MSB8 has undergone an increase of 4º C in its optimal growth temperature since its divergence from the ancestral node). While this differs from earlier analyses that suggested an ancestral growth temperature of over 80° C (Zhaxybayeva et al. 2009 ), our results are based on a dataset with many more taxa and a more sophisticated method of sequence reconstruction (i. e. nonhomogeneous implementation of substitution models).
Initial evolutionary simulations seemed to indicate that the lower temperatures members of the Thermotogae are not evolving according to an unbiased random walk, and are in fact under directional selection. We have shown that the extant values of stem GC content in the majority of lineages falls within the 95% confidence interval produced by the simulations. However, a few organisms, Petrotoga mexicana, Petrotoga halophila, Petrotoga olearia, and Petrotoga sibirica fall below the 95% confidence interval of the values obtained from the simulation. These results would indicate that these lineages have been undergoing directional evolution toward a lower stem GC content, and thus a lower optimal growth temperature, if not for the mutation bias that further simulations revealed.
We provide evidence that a trait may appear to be under directional selection when in fact ! ± there is a mutation bias affecting that trait. This was done by a simulation of point mutations to the T. maritima MSB8 16S rRNA, which demonstrated that the number of possible mutations that would decrease the stem GC content is almost twice as large as the number of mutations that would increase it. There is also a significantly greater variance in the number of possible decreases, indicating that it may be possible to make greater changes over a shorter period of time. However, when this distribution of possible mutations is used to simulate evolution along the tree, the high stem GC content lineages are found to be outside the 95% confidence interval for evolution according to a random walk. The high stem GC content lineages, and not the low ones, are the lineages under directional selection, which is only detected when the proper distribution of possible mutations is used to simulate evolution. This demonstrates that a onedimensional random walk does not adequately reflect the possible mutations that underlie evolution of OGT, and may fail to detect evolutionary patterns such as directional selection.
The lineages that have undergone a decrease in stem GC content, and therefore a decrease in OGT, tend to be found on longer branches, even when branch lengths are calculated independently of stem GC content ( fig. 5 ). One may assume that this sharp decrease in stem GC content, and therefore OGT, is due to directional selection, mutation bias, or a combination of the two. However, this fails to provide an explanation for why those lineages tend to be found at a greater distance from the root, because the branch lengths are calculated independently of stem GC content, which is presumably the trait under selection. This may be due to increased directional selection on certain organisms to adapt to lower optimal growth temperature, so more mutations are allowed to reach fixation, or due to an increased number of mutations that become non-detrimental to the organism as it gains the ability to survive at lower temperatures. A previous study provides evidence for the second explanation, demonstrating by biophysical simulation that the maximum permissible mutation rate, i.e. the rate above which populations go extinct, in thermophiles is less than one third of the maximum permissible rate in mesophiles (Zeldovich et al. 2007b) , in support of the earlier observation that high temperature lineages are more slowly evolving (Woese 1987) .
We acknowledge the possibility that one substitution model is not adequate to reflect the evolution of both the stem and loop regions of the 16S rRNA molecule. However, attempts, to create a phylogeny using only the stem regions of the alignment resulted in poorly supported tree topologies that were incongruent with the well-supported tree produced by using the entire sequences. It is possible that the alignment of only stem regions does not contain adequate information to recover the correct tree topology (see alignment 3, supplementary information), or that the substitution models available do not adequately reflect the evolution of the stem regions. Advancement of models of site-dependent evolution will provide better tools to address this question (Williams et al. 2011 )
Conclusions
We have shown that many lineages in the Thermotogae have adapted to lower OGT over time, whereas few have maintained or increased their OGT by a small amount. Because there is a higher GC content in thermophiles our observations can be explained by the larger number of possible mutations in the 16S rRNA that cause a decrease in stem GC content, and therefore a decrease in OGT. Presumably, there are also more possible mutations that would cause a decrease in the fitness of finely adaptive protein and DNA structures in thermophiles than there are those that would increase it. Therefore, adaptation to lower temperatures is likely easier for a thermophile than further adaptation to even higher temperatures. This suggests that it is relatively more difficult to adapt from a lower to higher temperature, and relatively easy to adapt from a higher to lower temperature.
It is important to address the order of events in this proposed process of adaptation to lower OGT. Organisms that have undergone a steep decrease in stem GC content, and therefore OGT, must have already been able to survive at a lower temperature. After moving into a lower temperature niche, where the temperature is survivable but not optimal, their proteins and rRNA would have begun to adapt to function optimally at the new temperature. This would be facilitated by the greater number of possible mutations available to decrease the stem GC content. In addition, a greater number of mutations would be permissible at these lower temperatures (Zeldovich et al. 2007b ).
Methods
Sequence alignment and tree reconstruction
The 16S rRNA sequences of 30 members of the Thermotogales were downloaded from the GenBank database at NCBI. See (tab. 6) for accession numbers and optimal growth temperature information obtained from characterization papers. Phenotype data on optimal growth temperatures were obtained from characterization papers, see (tab. 6). Organisms that have not been characterized were not included in the study. For the purpose of tree and ancestral sequence reconstruction, our dataset also included bacterial and archaeal outgroups: Thermoanaerobacter pseudethanolis (CP000924.1), Thermoanaerobacter tengcongensis (NR_074701.1), Carboxydothermus hydrogenoformans (NR_074395.1), Hydrogenobaculum sp. Y04AAS1(NR_074960.1), Aquifex aeolicus (AJ309733.1), Sulfurihydrogenibium sp. YO3AOP1 (NR_074557.1), Pyrococcus furiosus (NR_074375.1), and Thermococcus kodakerensis (NR_028216.1), for a total of 38 taxa. These sequences were downloaded from the NCBI GenBank database.
The 16S rRNA sequences were initially aligned using muscle v. 3.8.31 (Edgar 2004 ) with the default settings. The alignment was then refined to include structural information using RNASalsa (Stocsits et al. 2009 ), using stringency settings s1, s2, and s3 = 0.9, and a constraint structure file for Thermotoga maritima MSB8, obtained from the Comparative RNA Website and Project (Cannone et al. 2002) . See Supplementary Materials for the full structural alignment of 16S sequences.
To determine the best substitution model to use for constructing a tree from the alignment, we used the phangorn package for R (Schliep 2011) . This software tests the substitution models JC, F81, K80, HKY, SYM, and GTR, with a proportion of invariant sites, gamma rate categories, both, and neither to find the model with the best fit to the data. This model was GTR+G+I. We used PhyML v.3.0 (Guindon and Gascuel 2003) to create a tree from the alignment ( fig. 1 ), using the parameters specified by model test, and allowing estimation of the rate categories and proportion of invariant sites from the dataset. Haridon et al. 2002 ) Note. --In cases where an optimal growth range was given in the characterization paper, the midpoint was used as the OGT.
Ancestral Sequence Reconstruction
We used the BppML program in the Bio++ package (Dutheil and Boussau 2008) to refine the branch lengths of the tree produced in PhyML and optimize the model parameters for ancestral sequence reconstruction. To refine this tree, we defined a non-homogeneous substitution model using GTR+G+I, with a different set of parameters on each of the four major clades on the tree: the more thermophilic Thermotogales group (genera Thermotoga, Thermosipho, and Fervidobacterium), the less thermophilic Thermotogales group, the bacterial outgroup, and the archaeal outgroup. The parameters of the model were optimized in BppML (Dutheil and Boussau 2008) , and used to reconstruct the ancestral sequences at each node of the tree in Bppancestor (Dutheil and Boussau 2008) .
Gap inferences in ancestral sequences
We inferred the position of gaps in the ancestral sequences. The reconstructed ancestral sequences were the length of the original alignment, but contained no gaps, because gaps are not treated as a character in the substitution model we used. To calculate the position of gaps in the ancestral sequences, we changed all of the gaps in existing sequences to C's, and all of the nucleotides to A's. We then used the F84 substitution model in Bppancestor to determine ancestral 'sequences', which represent the position of gaps as nucleotides, for all of the extant nodes. The substitution model is appropriate for our application because no guanine or thymine, which do not represent anything in our model, will be introduced to the sequences. This model has three parameters: the GC content is theta, the G/(G+C) ratio is theta1, and the A/(A+T) ratio is theta2 (PERL scripts are available in Supplementary Materials). More importantly, the GC content (or in this case C content, i.e. the number of gaps), will remain constant throughout the tree, because the extant sequences all have a similar number of gaps, and presumably the 16S sequences have not shortened or lengthened significantly over time. We used Bppancestor to calculate these three parameters based on the input sequences, and then reconstructed ancestral sequences from those parameters. We then used the position of C's in the output ancestral sequences to infer the position of gaps in the actual reconstructed ancestral sequences using inhouse PERL scripts (available in Supplementary Materials). A comparison of this method to another available method of gap reconstruction is provided in the supplementary material.
Determination of stem GC content of ancestral sequences
The structure of the ancestral sequences was inferred using RNASalsa (Stocsits et al. 2009 ) with stringency settings s1, s2, s3 = 0.9 and a constraint structure file for Thermotoga maritima MSB8. A full alignment of the extant and reconstructed ribosomal sequences can be found in the supplementary information. After the structures of the ancestral sequences were inferred, we determined the stem GC content of all of the sequences, ancestral and extant, using in-house PERL scripts (available in Supplementary Materials).
Confirming correlation between optimal growth temperature and stem GC content
We calculated a regression equation between the optimal growth temperature and stem GC content of extant species. As comparisons between traits of related species are prone to correlation due to shared ancestry, i.e., the traits of related species are not independent data points, we used independent contrasts (Felsenstein 1985) , as implemented in the ape package for R (Paradis 2004) to confirm that these two traits are correlated in the Thermotogae.
Calculating time intervals and step size for random walk simulation
After we inferred the optimal growth temperature at every node in the tree, we then calculated the change in stem GC content along each branch of the tree. In our tree, the branch lengths are determined by the number of differences between sequences, and the trait of interest is a bias in the sequence -therefore the two are not independent. To determine a time variable independent of the trait being measured, we wrote PERL scripts (available in Supplementary Materials) to determine the number of changes along each branch that did not affect stem GC content. These sums were then scaled so that the lowest number of changes that occurred on a branch (n=0) corresponded to a branch length of 0, and the largest number within the Thermotogae group (n=100) corresponded to a branch length of 1. These calculated branch lengths were all increased by 10 -9 , to avoid dividing by zero in cases when the branch length was 0. These calculated branch lengths were used for the following random walk analysis.
Testing the data against a random walk simulation
Ancestral reconstruction data was used to test the hypothesis that evolution of optimal growth temperature in the Thermotogae proceeds by a random walk, using stem GC content as a proxy for optimal growth temperature. This was done using the function rTraitCont, available in the ape package for R (Paradis et al. 2003) , which simulates evolution of a continuous character from the root of a given phylogeny to the tips. We simulated the evolution of the stem GC content 10,000 times, along the tree with branch lengths calculated as explained above. One outlier was excluded when calculating the standard deviation of the change along the branches for use in the simulation. The simulation resulted in 10,000 values for the possible phenotype at each node, obtained according to a random walk model of trait evolution.
We simulated all possible point mutations to the T. maritima MSB8 16S rRNA sequence using an in-house PERL script to make all the possible point mutations (available in the supplementary material). The resulting sequences each had one point mutation. The secondary structure of these sequences was determined using RNAsalsa with constraint values of 1, appropriate for the highly similar sequences. In-house PERL scripts were used to calculate the number of mutations that increased, decreased, or did not affect the stem GC content.
A second random walk simulation was performed using the probability of the possible point mutations in the T. maritima ribosome. Evolution was again simulated from the root to the tips, sampling from the distribution of possible point mutations. The number of samples per branch was calculated by multiplying the branch length (which gives the substitutions per site) by the length of the entire sequence, 1462. Evolution was simulated in this fashion 10,000 times.
Ancestral character state reconstruction
Using the phylogeny generated above, we compared various methods of ancestral character state reconstruction. To compare different reconstruction methods we implemented a maximum likelihood reconstruction for continuous characters using a Brownian motion model (Schluter et al. 1997) , as well as reconstructions based on least squares (i. e., phylogenetically independent contrasts (PIC) (Felsenstein 1985) ), generalized least squares with a Brownian (GLSB) and Grafen (GLSG) model (Cunningham et al. 1998; Martins and Hansen 1997) , and squared change parsimony (SCP) (Maddison 1991) ; all implemented in the APE package for R (Paradis et al. 2004; R-Development-Core-Team 2012) . Restricted maximum likelihood (REML) results in unbiased estimates of the variance of the Brownian motion process while maximum likelihood gives a downward bias so we used the restricted maximum likelihood approach for the Brownian motion model (Heyde 1997) .
To test the congruence of our reconstructed estimates of ancestral stem GC content with those estimated from the sequence data, we used G-tests (Sokal and Rohlf 1995) . While reconstruction estimates were often given as point estimates, it was also possible to generate confidence intervals for these estimates. As a much more conservative test of the congruence between methods, we also used the number of nodes on a tree for which the confidence intervals for the nodes had any overlap. By definition our expected frequency of overlap in confidence intervals should be >0.05, while point estimates should fall in the confidence intervals 95% of the time. We also tested whether confidence intervals were of significantly different sizes between the reconstruction methods by using t-tests.
In addition, we tested two models of trait evolution in BayesTraits (Pagel et al. 2004 ); a constant-variance random walk model and a directional random-walk implemented in a Bayesian framework. These two models of trait evolution were compared using likelihood ratio test (Pagel 1999) . BayesTraits allows for the reconstruction of the most recent common ancestor of all taxa in the tree and estimates from the two models of character evolution were compared with the results estimated from the G-C content of the sequence data to see if point fell within the 95% confidence interval and whether confidence intervals and credibility intervals overlapped. Default settings were used in BayesTrait with the exception of the rate deviance parameter, which was set at 0.15 for the random walk and 0.1 for the directional walk to get an acceptance ratio between 20 and 40 % as suggested in the BayesTraits manual.
Supplementary Materials scripts.docx:
Collection of PERL and R scripts used to perform the described analyses. http://gogarten.uconn.edu/articles/OGT_Evolution/scripts.docx alignments.zip This folder contains the alignments in FASTA sequential, and clustalw, philip and pdf interleaved formats.
• Extant seqs structural alignment: The alignment of extant 16S sequences used in the study, initially aligned using Muscle v 3.8.31 and then refined based on secondary structure using RNASalsa.
• All seqs structural alignment: The alignment of extant 16S sequences and reconstructed ancestral 16S sequences, refined based on secondary structure using RNASalsa.
• All seqs structural alignment stemloop encoded: Same as All seqs structural alignment, except the loop regions are all represented as T's and the stem regions are all represented as A's. This allows for the visualization of secondary structures inferred by RNA Salsa. http://gogarten.uconn.edu/articles/OGT_Evolution/alignments.zip Gap_reconstruction_method.pdf: Comparison of methods to reconstruct gaps in ancestral sequences. http://gogarten.uconn.edu/articles/OGT_Evolution/Gap_reconstruction_method.pdf
